To enhance our understanding of the genetic basis of nitrogen use efficiency in maize (Zea mays), we have developed a quantitative genetic approach by associating metabolic functions and agronomic traits to DNA markers. In this study, leaves of vegetative recombinant inbred lines of maize, already assessed for their agronomic performance, were analyzed for physiological traits such as nitrate content, nitrate reductase (NR), and glutamine synthetase (GS) activities. A significant genotypic variation was found for these traits and a positive correlation was observed between nitrate content, GS activity and yield, and its components. NR activity, on the other hand, was negatively correlated. These results suggest that increased productivity in maize genotypes was due to their ability to accumulate nitrate in their leaves during vegetative growth and to efficiently remobilize this stored nitrogen during grain filling. Quantitative trait loci (QTL) for various agronomic and physiological traits were searched for and located on the genetic map of maize. Coincidences of QTL for yield and its components with genes encoding cytosolic GS and the corresponding enzyme activity were detected. In particular, it appears that the GS locus on chromosome 5 is a good candidate gene that can, at least partially, explain variations in yield or kernel weight. Because at this locus coincidences of QTLs for grain yield, GS, NR activity, and nitrate content were also observed, we hypothesize that leaf nitrate accumulation and the reactions catalyzed by NR and GS are coregulated and represent key elements controlling nitrogen use efficiency in maize.
In the last three decades, nitrogen fertilization has been a powerful tool in increasing grain yield (GY), especially for cereals such as maize (Zea mays) and wheat. However, the current agricultural and economic environment means that farmers must optimize the application of nitrogen fertilizers to avoid pollution by nitrates and to preserve their economic margin. Therefore, it has become of major importance to select for cereal cultivars that absorb and metabolize nitrogen in the most efficient way for grain or silage production.
In the majority of crop species, including grasses, the plant life cycle can be roughly divided into two main phases. During the vegetative growth phase young developing roots and leaves behave as sink organs that efficiently absorb and assimilate minerals such as inorganic nitrogen for amino acid and protein synthesis. During the remobilization phase leaves start to behave as source organs translocating carbon and organic molecules to ensure the formation of new developing tissues and/or storage tissues involved in plant survival such as seeds, tubers, bulbs, or trunks (Masclaux et al., 2000b) . A better understanding of the metabolic and genetic control of ac-quisition and recycling during these two phases of plant growth and development is therefore of particular importance not only to improve crop quality and productivity, but also to avoid excessive use of fertilizers.
Until now, a number of studies have been undertaken by plant molecular physiologists to decipher the regulatory control mechanisms involved during the transition from sink to source organs (Harrison et al., 2000; Hellman et al., 2000; Lewis et al., 2000; Masclaux et al., 2000b) . However, these approaches that involve whole plant physiology and/or transgenic plants are limited in that they only allow the role of a single or limited number of enzymes or regulatory elements to be identified and do not account for the variation of complex traits such as nitrogen use efficiency (NUE) often found in agronomic applications.
Conventional breeding procedures have been performed empirically over the last two decades by selecting the most appropriate traits in terms of yield or technological characteristics to improve plant productivity (Masclaux et al., 2000b; Richards, 2000) . Although these approaches have been successful in terms of yield enhancement, there have so far been no real attempts to understand in a more integrated manner the physiological and genetic basis of these improvements, especially in relation to NUE.
At present, the use of quantitative genetic studies associated with the use of molecular markers may be a way to identify genes involved in the genetic variation of a complex character (Causse et al., 1995; Prioul, 1995) . The combination of agronomic and physiological studies with quantitative genetic approaches will allow the use of molecular markers to identify key structural or regulatory loci involved in the expression of a quantitative trait (Causse et al., 1995; Prioul et al., 1997) and the selection of genotypes more efficient in terms of nitrogen use. Furthermore, the recent development of genome sequencing and mapping projects in a number of model crop species will be a valuable tool, allowing the precise location of key genes influencing the expression of desired traits. In turn, this new strategy will be of great potential for plant breeders to carrying out of marker assisted selection for improved NUE in relation to yield (Ribaud and Hoisington, 1998) .
Because NUE is defined as the ratio of GY to nitrogen supplied (by soil and fertilizer) for a given level of fertilization differences in GY match differences in NUE. Thus, in selecting improved cultivars, breeders empirically select those that are more efficient in terms of nitrogen absorption and utilization. As modern maize genotypes were selected in the presence of high fertilization, they were consequently selected for their adaptation to high input (Castleberry et al., 1984) . However, expression of genetic variability for GY is largely dependent on the level of nitrogen fertilization. The existence of an interaction of genotype x level of fertilization was shown in maize by various investigators (Moll et al., 1987; Landbeck, 1995; Bertin and Gallais, 2000a) . In addition, it was found that correlations among various agronomic traits were very different depending upon the level of nitrogen fertilization (Di Fonzo et al., 1982; Bertin and Gallais, 2000a, 2000b) . At high nitrogen input, variation in NUE was explained by variation in nitrogen uptake capabilities, whereas at low nitrogen input, variation in NUE was mainly due to differences in nitrogen utilization efficiency defined as the ratio GY/nitrogen uptake. These differences in the expression of genetic variability were further confirmed following the detection of specific quantitative trait loci (QTL) for a given level of fertilization (Agrama et al., 1999; Bertin and Gallais, 2000b) . This suggests that several sets of genes are differentially expressed according to the amount of nitrogen provided to the plant (Bertin and Gallais, 2000a, 2000b) .
In parallel with these agronomic studies, several investigators found that it is possible to detect genetic variation and select new genotypes that show increased or decreased activities of several enzymes involved in the nitrogen assimilatory pathway (Groat et al., 1984; Sherrard et al., 1986; Degenhart et al., 1992; Harrison et al., 2000) . In particular, in maize hybrids a few attempts have been made to correlate the efficiency of primary nitrogen assimilation and nitrogen remobilization with yield and its components (Reed et al., 1980; Purcino et al., 1998) . As a result of these studies it was concluded that increases in GY observed during the two last decades were not due to additional enhancement in inorganic nitrogen assimilation, but rather due to a better NUE as a result of a more efficient nitrogen remobilization. In particular, leaf longevity was shown to be one of the main factors responsible for yield increase in modern maize hybrids (Tollenaar, 1991; Ma and Dwyer, 1998) . Extension of leaf metabolic activity improved the ratio between the assimilate supply from source leaves and demand in sink leaves during grain filling and was independent of the level of fertilization in the soil (Racjan and Tollenaar, 1999a, 1999b) . During this metabolic process the putative role of enzymes involved in inorganic nitrogen assimilation and recycling such as nitrate reductase (NR), cytosolic Gln synthetase (GS1), and Glu dehydrogenase (GDH) was suggested (Lea and Ireland, 1999) .
These physiological-agronomic studies prompted us to develop a quantitative genetic approach using molecular markers to obtain more information on the genetic basis of NUE in relation to yield using maize as a model crop. This species was chosen for study because of its world-wide economic importance and because of its high level of genetic polymorphism for molecular markers (Mann, 1999) . This latter characteristic allowed the construction of a saturated restriction fragments length polymorphism (RFLP) map based on a population of recombinant inbred lines (RILs) using markers of known or unknown function. These RFLP markers included probes for genes involved in various regulatory and metabolic functions including carbon assimilation (Causse et al., 1995) . In the present work a particular effort was devoted to mapping genes encoding proteins and enzymes involved in nitrogen assimilation and recycling for further QTL detection. Another advantage of using maize is its high capacity to absorb and metabolize organic and remobilize inorganic nitrogen (Cliquet et al., 1990) . Since yield and its components depend largely on these three metabolic processes, maize is one of the best model plants to combine physiological and agronomic studies. In addition, maize is a C4 grass that compared with the majority of other plant species, has developed during its evolution a specific cellular compartmentation that allows a better metabolic efficiency in terms of carbon and nitrogen assimilation (Oaks, 1994) .
The novelty of our approach was to study, in parallel, agronomic and physiological traits for the detection of QTLs and to interpret their causal relationships in an integrated manner. Coincidences between QTLs for agronomic traits and QTLs for physiological traits related to NUE will therefore give a physiological meaning to the QTLs for the agronomic traits. In addition, comapping of agronomic and physiological QTLs with genes encoding enzymes involved in nitrogen metabolism will give a genetic meaning to these QTLs. Several colocations of QTLs for yield and its components with the genes encoding enzymes involved in nitrogen assimilation were detected. Moreover, in many cases QTLs for the corresponding enzyme activity were detected on the same chromosomal fragments, suggesting that these genes may be considered as candidate genes influencing NUE and thus the expression of the corresponding agronomic and/or physiological traits. This study, therefore, represents the first attempt to dissect the genetic variability of a complex trait such as NUE and to identify some of its key physiological components that may influence the productivity of a crop plant. The physiological role of these components is further discussed in relation to nitrogen assimilation and management, leading to the conclusion that they could constitute good markers for selection to optimize plant performance and rationalize the use of nitrogen fertilizers in the future.
RESULTS AND DISCUSSION

Correlations between Physiological Traits in Young Vegetative Plants and Agronomic Traits for Yield at Adult Stage
To study correlations between agronomic and physiological traits we first established a database for agronomic traits related to yield and its components from field experiments performed over a 2-year period (Bertin, 1997; Bertin and Gallais, 2000a) . As described in the "Material and Methods" section, RILs (selected from those used to build the genetic map) were crossed to an unrelated inbred line used as a tester. The resultant crosses reflect more accurately the performance of hybrids, which are always used for grain or silage maize production and as such, all measurements of agronomic traits were performed on these plants. For the determination of physiological traits related to nitrogen metabolism in young vegetative plants the RILs were not crossed to the tester. As a consequence, genetic variation for the physiological traits and detection of the corresponding QTL was expected to be greater. However, this type of analysis was at the expense of the correlation between agronomic and physiological traits. In addition, correlations for yield were calculated from adult plants grown under both low (N Ϫ ) and high nitrogen (N ϩ ) input. This is justified because it was previously shown in field-grown maize plants that a shortage in mineral nitrogen does not significantly affect the growth of young vegetative plants (nitrogen from the soil being sufficient) and actually has a relatively low effect until the flowering period (Bertin and Gallais, 2000a) .
For the agronomic traits the means and heritabilities of the 2-year experiment are presented in Table I (Bertin and Gallais, 2000b) . thousand kernel weight (TKW) was the trait exhibiting the greatest heritability (0.81), whereas the lowest (0.13) was for grain nitrogen yield (GNY). As a consequence, genetic correlation with such a trait will be poorly estimated. For the physiological traits, the means and heritabilities of the 2-year experiments are presented in Table  II . Heritability was about 0.69 for leaf NO 3 Ϫ content and 0.75 for glutamine synthetase (GS) activity. Because leaf NR activity was measured only in 1998, its heritability (0.87) was inflated. The phenotypic and genotypic correlations between agronomic and physiological traits are presented in Table III .
A significant and positive correlation between leaf NO 3
Ϫ content of young vegetative plants and GY and GNY was always observed regardless of the level of fertilization of adult plants (Table III) . As far as yield components are concerned, it appears that a higher correlation was observed between leaf NO 3 Ϫ content and TKW than with kernel number per plant (KN ;  Table III ). Because we observed a highly significant correlation between leaf NO 3 Ϫ content and total plant NO 3 Ϫ content (r ϭ 0.70) and no correlation with fresh plant biomass (data not shown), it was concluded that the leaf NO 3 Ϫ content mirrors the capacity of the plant to absorb and store mineral nitrogen. This NO 3
Ϫ pool is usually stored in the cell vacuole and serves as an osmoticum and as a source of mineral nitrogen when the soil supply becomes depleted (McIntyre, 1997; Crawford and Glass, 1998) . Our results suggest that this pool of NO 3
Ϫ constitutes a (1994 and 1995) . Plants were grown at high (N ϩ ) and low (N Ϫ ) nitrogen input as described in "Materials and Methods." GY, Grain yield expressed (10 Ϫ1 t ha Ϫ1 ); KN, kernel no. per plant; TKW, thousand kernels wt (g); GNY, grain nitrogen yield (g); GME, grain metabolic efficiency. major source of nitrogen that can be further metabolized and translocated to the grain and that can subsequently participate in the grain filling process. Grain filling appears to be largely under the control of nitrogen availability, since recent findings have demonstrated that nitrogen translocation facilitates kernels utilization of sugars (Below et al., 2000) . All together these results suggests that the capacity for grain production is predetermined by the plants ability to absorb and store mineral nitrogen in its early phases of development. Similar conclusions were drawn by Teyker et al. (1989) and Plénet and Lemaire (1999) following the observation that in addition to what is required for its vegetative growth, the plant must absorb and store an excess of mineral nitrogen, which is then further metabolized and translocated to the kernels. It is proposed that leaf nitrate content at the early stages of plant development may be a good marker to select genotypes with enhanced GY and grain nitrogen content. This idea is in agreement with previous studies performed on maize hybrids in which the efficiency of primary nitrogen assimilation and nitrogen remobilization was correlated with yield and its components (Reed et al., 1980; Purcino et al., 1998) . This prompted us to further investigate if within our RIL population genetic variability for metabolic processes involved in nitrogen assimilation could be detected. One of the main enzymes involved in the assimilation and recycling of mineral nitrogen is GS (EC 6.3.1.2), which catalyzes the ATP-dependent conversion of Gln into Glu, utilizing ammonia as a substrate (Cren and Hirel, 1999; Lea and Ireland, 1999) . As a consequence, our working hypothesis was that the rate of ammonium assimilation derived from NO 3 Ϫ reduction and/or organic nitrogen recycling was of major importance for plant NUE. Therefore, GS activity was used as a marker in the analysis of the correlation between physiological and agronomic traits. The finding that total leaf GS activity was positively correlated to GY, KN, and grain metabolic efficiency (GME) under low nitrogen input and to GNY at high nitrogen input (Table III) is in agreement with our hypothesis. This result is not surprising considering on the one hand the role of the plastidic isoenzyme (GS2) in the process of primary nitrogen assimilation and on the other hand the role of the cytosolic GS isoenzyme (GS1) during the recycling of organic nitrogen (Masclaux et al., 2000a) . The role of GS1 during nitrogen remobilization has been already highlighted in maize hybrids containing lower amounts of nitrate, suggesting an active contribution of cytosolic GS during proteic nitrogen recycling (Purcino et al., 1998) . Under nitrogen-limiting conditions the positive correlation found between GS activity and kernel number suggests that a high GS activity is required to avoid embryo abortion just after fertilization (Below, 1995) .
It can be argued that the rate of NO 3 Ϫ reduction and the rate of ammonia assimilation contribute to the reduced nitrogen, which is further metabolized and translocated during grain filling. However, we observed a negative correlation between leaf NADH-NR (EC 1.6.6.1) activity in young vegetative plants (although measured only in 1998) and GY of mature plants. Such a negative correlation was also found for TKW under high nitrogen input (Table III) . These data therefore suggest that when grain filling is high, the capacity of the plant to reduce NO 3 Ϫ is low. Similar conclusions were drawn by Reed et al. (1980) who showed that higher yields were obtained in genotypes exhibiting low NR activity.
QTLs Detection for Leaf NO 3 ؊ Content, GS and NR Activity, and Coincidence with Agronomic Traits
QTLs for agronomic traits were identified in previous studies (Bertin, 1997; Bertin and Gallais, 2000a) . QTLs for the traits considered in this study they are presented in Table IV . QTLs detected for physiological traits are presented in Table V . The position of the different QTLs on the maize RFLP map is shown in Figure 1 .
Five QTLs for leaf NO 3
Ϫ content explaining 28% of the phenotypic variation were detected (Table V) : two were located on chromosome 2 (near markersgsy1b1 and gsy 108), both with the favorable allele from the parental line F 2 , and the other three were located on chromosome 5 (markers gsy 154, gsy 343b, and gsy258) with the favorable allele from the parental line I o . One of the QTLs for leaf NO 3
Ϫ content (marker gsy108), located on chromosome 2, coincided positively with a QTL for TKW when plants were grown under high nitrogen input. One of the QTLs for leaf NO 3
Ϫ content located on chromosome 5 (marker gsy 258) was also positively coincident with a QTL for GY and TKW, regardless of the nitrogen fertilization level.
These results are in agreement with our previous analysis showing that there was a positive correlation between leaf NO 3 Ϫ content of young developing plants, GY, and TKW in field-grown mature plants independent of the level of fertilization (Table III ). In addition, the identification of two QTLs for leaf NO 3
Ϫ content (common to QTLs for yield and its components) indicates that at least on chromosome 2 and chromosome 5 such QTLs are putatively involved in controlling NO 3 Ϫ accumulation. Therefore, the formation of a NO 3
Ϫ storage pool appears to be genetically controlled and is likely to be of major importance in the subsequent steps leading to its assimilation into organic matter that is used during grain filling.
Although QTLs for maximal leaf NADH-NR activity were detected using measurements performed on plants from only one of the 2-year experiments, we found on chromosome 5 two main regions influencing the enzyme activity (markers gsy 343b and gsy 258). They explained 36% of the observed phenotypic variation, or 42% of the genetic variation, which is high if we consider that only two QTLs for this trait were detected. One of the QTLs for NADH-NR activity located on chromosome 5 (marker gsy 258) with the favorable allele from the parental line F 2 , was negatively coincident with a QTL for yield both detected under low or high nitrogen fertilization conditions. These results are consistent with the observed negative correlation between GY or TKW and leaf NR activity (Table III) . As shown in Figure 1 , NADH-NR activity did not colocalize with either of the two structural genes (NTR1 and NTR2) located on chromosome 1 and 4, respectively. This result is not surprising if we consider that gene and protein expression are subjected to multiple regulations at the transcriptional and post-translational level, respectively (Campbell, 1999) . This leads to the suggestion that genes encoding some of these regulatory elements are present in the two DNA regions identified on chromosome 5.
Six QTLs for total leaf GS activity were detected explaining 52% of the phenotypic variation, all six with the favorable alleles from the parental line I o . Three were located on chromosome 1 (marker gsy 143, gsy 304, and gsy52r). Two were localized on chromosome 5 (markers gsy 343b and gsy 258). The other one was located on chromosome 9 (marker gsy 330). It is interesting that out of these six QTLs we found three colocalized with genes encoding cytosolic GS quoted as gln1, gln2, and gln4 on the genetic map. This result suggests that for these three genes the final leaf cytosolic enzyme activity is mostly regulated at the transcriptional level. In contrast, for the other cytosolic GS gene gln3 located on chromosome 4 and the gene encoding plastidic GS (gln5) located on chromosome 10, other regulatory mechanisms acting at the posttranscriptional and/or -translational levels are likely to be involved in controlling the corresponding enzyme activity (Cren and Hirel, 1999) . The detection of three additional QTLs (out of six) for leaf GS activity that did not colocalize with GS structural genes indicates that some loci located on different chromosome segments may be partly involved in the regulation of cytosolic and plastidic GS activity.
One of the most striking findings of this study was a positive coincidence of two QTLs for GS activity and QTLs for yield and its components (TKW and KN). One was located on chromosome 1 (coincidence with gln2 locus), which is coincident with a QTL for yield and kernel number at high nitrogen input, and one on chromosome 5 (coincidence with gln4 locus), which is coincident with QTLs for yield and TKW and independent of the nitrogen fertilization level. Such positive coincidences are consistent with the positive correlation observed between GY and GS activity, particularly at low nitrogen input. However, QTLs for yield on chromosome 5 can be considered as common to both nitrogen levels, because the favorable allele was detected under low and high levels of nitrogen fertilization. In contrast, only in N ϩ conditions did the QTL for yield colocalize with leaf GS activity on chromosome 1. Favorable allele from the parental line I o is indicated by (ϩ) and unfavorable allele by (Ϫ). The position of the loci for genes encoding enzymes involved in nitrogen assimilation is indicated in bold italics: AS1 and AS2 (Asn synthetase 1 and 2); Fd-GOGAT (Ferredoxin-dependent Glu synthase); GDH1 (GDH 1); gnl1 to 5 (Gln synthetase 1 to 5); NR (nitrate reductase); NiR (nitrite reductase); and NTR1 (high-affinity nitrate transporter). The position of the loci for genes encoding enzymes involved in carbon assimilation is indicated in small bold characters; see Causse et al. (1995) . ADPG, ADP Glc pyrophosphorylase; INV, invertase; SPS, Suc phosphate synthase.
Although both QTLs for leaf GS activity coincided with QTLs for GY, the QTL identified on chromosome 1 seems to be related to the number of kernels whereas, that localized on chromosome 5 seems to influence kernel weight. This observation may be explained by the nonoverlapping function of the different GS genes in different organs or tissues and according to the plant developmental stage (Sakakibara et al.1992a; Li et al., 1993; Rastogi et al., 1998) . It can therefore be hypothesized that the relative contribution of the corresponding GS isoenzyme activity in synthesizing or recycling organic nitrogen necessary for grain filling is finely balanced, not only depending on the plant developmental stage, but also on soil nitrogen availability. However, due to the complexity of the different GS isoenzyme distribution in the chloroplasts (GS2) and in the cytosol (GS1) of mesophyll and bundle sheath cells (Becker et al., 2000) and the number of analysis to be performed, it was not possible at this stage in our investigation to determine which GS isoenzyme was involved in each organ or cell type.
Nevertheless, the GS gene present at the gln4 locus appears to be a good candidate gene controlling NUE and influencing yield. It encodes a mRNA constitutively expressed in the different organs of maize, pGS112 (Sakakibara et al., 1992b) . Since its transcriptional activity was not modified by NO 3 Ϫ or when the plants were nitrogen starved (Sakakibara et al., 1992a) , it can be considered as a housekeeping gene responsible for ammonia assimilation and or recycling during plant growth and development.
One of the most interesting results was the significant number of QTLs coincident on chromosome 5 with the gln4 locus corresponding to the gene encoding cytosolic GS (Sakakibara et al., 1992b; Li et al., 1993) and which were always detected on the same genomic region over the 2-year experiment (Fig. 1) . They included QTLs for GY, TKW, leaf GS activity, NR activity, and leaf NO 3 Ϫ content, leading to the suggestion that NO 3 Ϫ availability and the reactions catalyzed by NR and GS are key steps in the NUE for seed production. However, the negative effect of the QTL for NR activity was revealed by the negative additive effect of the allele from I o . This result is consistent with the negative impact of a capacity of NO 3
Ϫ reduction on yield and its components as already discussed in the previous section. In contrast, the QTLs for leaf NO 3 Ϫ content and leaf GS activity, both coincident with a favorable allele originating from the parental line I o , confirm the positive effect of these two traits on yield found in the correlation studies.
It is surprising that we did not find any coincidences between QTLs for GNY and GME and the three measured physiological traits related to nitrogen assimilation even though coincidences were observed with QTLs for GY and its components. This observation suggests that regulatory mechanisms others than those directly linked to primary nitrogen assimilation and recycling are involved in controlling the amount of nitrogen allocated to the grain. Therefore, the influence of GS and NR activity on GY and its components appears to be physiologically more relevant compared with GNY and GME, which represent only theoretical agronomic parameters. However, it cannot be excluded that the accuracy of the QTL detection for GNY and GME was not sufficient due to the relatively low number (77) of RILs examined, particularly if QTL effects for these two agronomic traits were relatively low. CONCLUSION NUE in plants is a complex trait that in addition to soil nitrogen availability can also depend on a number of internal and external factors such as photosynthetic carbon fixation to provide precursors required for amino acid biosynthesis or respiration to provide energy (Lewis et al., 2000) . Our study confirmed that although this trait is controlled by a large number of loci acting individually or together, depending on carbon and nitrogen availability (Scheible et al., 1997) or being differentially expressed according to plant developmental stage (Masclaux et al., 2000a) , it is possible to find enough phenotypic and genotypic variability to partially understand the genetic basis of NUE and thus identify some of the key components of yield in maize.
Several previous investigators have shown that in crops there is a significant genetic variability in several steps of nitrogen metabolism including nitrogen absorption, assimilation, and recycling (Masclaux et al., 2000b) . It was suggested that these steps were of major importance in controlling yield and its components. However, these studies were mainly based on the correlations made between metabolite content or enzyme activity and yield or biomass production in contrasting genotypes (Reed et al., 1980; Purcino et al., 1998) . In this investigation we confirmed that most of the traits of performing genotypes in terms of nitrogen metabolite content and activity of enzymes involved in nitrogen reduction and assimilation can also be found in a population of RILs in which the expression of these physiological traits is extended. Our results strengthened the concept that yield improvement in maize can be achieved by selecting genotypes with a high capacity to store NO 3 Ϫ in the leaves and a low capacity to reduce inorganic nitrogen during the vegetative phase of plant development (Plénet and Lemaire, 1999) . In addition, the organic nitrogen supply from source leaves during grain filling seems to be of major importance in selecting genotypes with enhanced yield. In particular, the process of nitrogen remobilization was shown to be dependent on leaf longevity rather than the level of fertilization in the soil (Racjan and Tollenaar, 1999a, 1999b) . Although the physiological and mo-lecular mechanisms controlling the ratio of assimilate supply from source leaves to the demand in sink organs such as grains have still not been fully elucidated (Masclaux et al., 2000b) , there are strong lines of evidence that suggest that enzymes such as cytosolic GS and possibly GDH play a central role in recycling organic nitrogen released from protein hydrolysis during leaf senescence (Reed et al., 1980) . In this study, particularly when nitrogen is limiting, the finding that within the population of RILs a positive correlation was observed between leaf GS activity and several agronomic traits related to yield reinforces this hypothesis. In addition, the colocalization of two QTLs for yield with two loci for GS1 structural genes and two QTLs for leaf GS activity strongly support the current consensus that the GS enzymatic activity in the leaf cytosol is one of the major steps controlling organic matter reallocation from source to sink organs. Previous studies have already demonstrated that when GS1 is overexpressed in Lotus, nitrogen remobilization was prematurely induced leading to early senescence of the plant (Vincent et al., 1997) . In rice (Yamaya, 1999) and wheat (D. Habash, personal communication) preliminary investigations made on plants with enhanced or decreased GS1 activity indicates that GY and grain nitrogen content is modified. In other species such as tobacco (Migge et al., 2000) or poplar (Gallardo et al., 1999) , overexpression of GS2 or GS1 significantly increased plant biomass production at the early stage of plant development.
In addition, the triple colocalization of leaf GS activity, leaf NR activity, and leaf NO 3 Ϫ content found in two loci on chromosome 5 is in favor of the hypothesis that signals derived from the ammonia assimilatory pathway interact with NO 3 Ϫ uptake and reduction (Scheible et al., 1997) . One of these two loci comapping with the gln4 locus and two QTLs for yield merits further analysis to identify whether common regulatory gene(s) or element(s) may be involved in the concerted regulation of these three metabolic processes. This will be achieved by increasing the number of RILs analyzed and by the use of highly RIL lines to refine the chromosomal zone involved and to decrease the distance between the flanking markers. Validation of the putative effect of the QTL for GS1 activity will be performed in parallel by overexpressing the corresponding gene or by introducing the favorable allele in an unfavorable genetic background.
We have also to bear in mind that coincidence between QTLs for yield and its components and leaf NO 3
Ϫ content, NR, and GS activity were found following the physiological analysis of young vegetative plants. It is well known that depending on whether young or senescing tissues are being examined the relative amounts of the various nitrogen metabolites can be variable (Masclaux et al., 2000a ). In addition, the different genes encoding GS can be differentially expressed according to the physiological status and the developmental stage of the plant (Cren and Hirel, 1999) . It is therefore possible that other QTLs related to yield could be identified when measuring the same physiological parameters at different stages of plant development. This may also be true for the other proteins (nitrate transporters) or enzymes involved in nitrogen assimilation (NR), reassimilation (ferredoxin-dependent Glu synthase), and translocation (GDH and Asn synthetase) for which we did not find any QTLs colocalizing with those relating to yield or its components. As such, the aim of our future studies will be to investigate the genetic basis of NUE in a spatial and temporal manner.
We have shown in the present study that genetic variability for NUE can be studied in a more targeted and integrated manner by the means of a quantitative genetic approach using molecular markers and combining agronomic and physiological studies. This approach will certainly be increasingly used in the future to identify new genes or loci involved in the regulation of these metabolic pathways and their interconnection with carbon assimilation and recycling and to select genotypes that assimilate or remobilize nitrogen more efficiently. The recent development of genome sequencing and mapping projects in a number of model crop species such as maize (Running et al., 2000) will be a valuable tool allowing the precise location of QTLs associated with the desired traits. In addition, genetic characterization of the identified QTLs through sequence analysis will certainly allow the identification of possible structural or regulatory genes controlling NUE during plant development and according to different environmental conditions.
MATERIALS AND METHODS
Plant Material for Agronomic Studies
Data obtained by Bertin and Gallais (2000a) served as an agronomic reference for the studies performed on young developing plants. A total of 99 RILs crossed to a common tester (F252) were grown in the field on two levels of nitrogen fertilization (N ϩ ϭ 175kg nitrogen/ha and N Ϫ ϭ no nitrogen fertilization) over 2 consecutive years (1994 and 1995) as described by Bertin and Gallais (2000a, 2000b) . In N Ϫ , all nitrogen was provided by the soil (estimated at about 60 kg/ha). The RILs were an F 6 generation derived from a cross between a French flint and early line of maize (Zea mays; F 2 ) and an iodent late line (I o ). Such a population of RILs was chosen since the two parental lines are highly complementary in terms of heterotic grain productivity. Furthermore, the agronomic study of the parents revealed differences in their NUE (Bertin and Gallais, 2000a, 2000b) . Several traits were measured at flowering and grain harvest. In the present study traits used for correlation studies and QTL detection were GY and its components: KN and TKW, and GME corresponding to the ratio GY/total nitro-gen absorbed by the aerial biomass. For more details about the procedure used to measure the agronomic traits, see Bertin and Gallais (2000a, 2000b) .
Plant Material for Physiological Studies
Due the limited capacity of our plant growth hydroponic system (240 plants), physiological studies in the young stages were developed only on 77 RILs randomly chosen from the 99 lines used to perform the agronomic studies. In addition, the two parental lines (F 2 and I o ) and the tester (F 252 ) were used as internal controls in all the subsequent measurements. To avoid heterogeneity in the germination time, imbibition of the seeds was performed at 6°C in the dark for 3 d. Seedlings were then transferred onto sand and watered daily on a nutrient solution containing 5.6 mm K ϩ , 3.4 mm Ca 2ϩ , 0.9 mm Mg 2ϩ , 0.9 mm H 2 PO 4 Ϫ , and 21.5 m Fe (Sequestrene Ciba-Geigy, Basel, 23 m B, 9 m Mn, 0.30 m Mo, 0.95 m Cu, and 3.50 m Zn. Nitrogen was supplied as 1 mm NO 3 Ϫ . After 1 week when two to three leaves had emerged, the 77 RIL and the three control lines were randomly placed on a 130-L aerated hydroponic culture unit containing the same nutrient solution used for seedling growth. The nutrient solution was replaced daily. The experiment was performed in triplicate for each RIL (three hydroponic units with 80 lines per hydroponic unit) and the three hydroponic culture units were kept 18 d in a greenhouse in 1998 (May 18-June 5) and 17 d in 1999 (June 18-July 5). Plants were harvested at the 6 to 7 leaf stage between 9 to 12 am and separated into young leaves (three youngest leaves), stems, and roots. The samples were immediately placed in liquid N 2 and then stored at Ϫ80°C until further analysis. Leaf NO 3 Ϫ content, leaf NADH-NR activity, and leaf GS activity were selected as representative marker metabolites and enzyme activities of primary nitrogen assimilation in young developing plants (Masclaux et al., 2000b) . Therefore, these parameters were measured on pooled frozen young leaf samples collected from each experiment, except for leaf NR activity, which was measured only on plants grown in 1998. Measurements were performed twice on two different extractions of the three replicates. For correlation studies and QTL detection, leaf NO 3 Ϫ concentration and enzyme activities were calculated from the average value of the different measurements.
Protein Extraction, Enzymatic Assay, Metabolite Extraction, and Analyses
Protein extraction was carried out on 250 mg of frozen leaf material as described earlier (McNally et al., 1983) . GS activity was assayed using the biosynthetic activity as described by O'Neal and Joy (1973) . GS activity was expressed as nmol mn Ϫ1 mg Ϫ1 protein. NR was extracted and the maximal extractable activity measured as described by Ferrario-Méry et al. (1998) . NR activity was expressed as mol h Ϫ1 mg Ϫ1 protein and proteins were quantified using the Bradford method (Bradford, 1976) . For NO 3 Ϫ determination, a 20-mg aliquot of lyophilized young leaf tissue was extracted successively with 80% ethanol, with 50% ethanol, and finally with water (Rochat and Boutin, 1989) . NO 3 Ϫ concentration expressed in milligrams of dry weight Ϫ1 was determined according to the method of Cataldo et al. (1975) .
Gene Mapping and QTL Detection
For the mapping of genes encoding enzymes and proteins involved in nitrogen metabolism we used the RFLP genetic map published by Causse et al. (1996) containing 152 marker loci corresponding to a total map length of 1,813 cM. The mean interval between two markers, depending on the chromosome, varies from 8 to 18 cM. The cDNA probes used for mapping were as follows: a high affinity NO 3
Ϫ transporter, NTR1, (B. Hirel, unpublished data) isolated from a NO 3 Ϫ induced maize root seedlings cDNA library using a barley cDNA clone as a probe (Trueman et al., 1996) ; two NADH-NR, NR1 and NR2 (Long et al., 1992) ; nitrite reductase, NiR; (Lahners et al., 1988) ; GDH, GDH1, (Sakakibara et al., 1995) ; four cytosolic GS, gln1, gln2, gln3, and gnl4, plastidic GS, gln5, (Sakakibara et al., 1992b) , ferredoxin-dependent Glu synthase, Fd-GOGAT, (Sakakibara et al., 1992b) , and Asn synthetase (AS1 and AS2; Chevalier et al., 1996) , which was located on two loci. The loci corresponding to gnl1, 2, 3, 4, and 5 corresponds to the GS genes named pGS122, pGS134, pGS107, pGS112, and pGS202 by Sakakibara et al. (1992b) and GS1-1, GS1-2, GS1-4, GS1-3, and GS2 by Li et al. (1993) .
QTLs were detected using the QTL software (Utz and Melchinger, 1995) following simple interval mapping. Only QTLs with an LOD score greater than 2 were considered (Lander and Botstein, 1989) . To represent a QTL on the map taking into account error in the location, we give the chromosome region corresponding to a LOD greater than the maximum LOD minus 1, which is not a true confidence interval. It is called an LOD-1 interval. It generally overestimates the confidence interval. Two QTLs of different traits will be declared as coincident when their LOD-1 intervals overlap. A coincidence will be said to be positive when there is coincidence of favorable (or unfavorable) alleles for both traits. The coincidence will be said to be negative when there is coincidence of a favorable allele for one trait with an unfavorable allele for the other trait. For each trait we have calculated the percentage of phenotypic (R 2 p) and genotypic variation (R 2 g) explained by the markers. In addition, for each QTL detected, the estimated additive effect (one-half of the difference between the estimated value of the two homozygous genotypes at the QTL) is presented.
Statistical Analysis
To determine whether any of the main physiological traits measured in young vegetative plants could explain the genetic variability of yield and its components of fieldgrown plants, correlations were made between the two sets of traits using, in each case, the average of the values obtained from the 2-year experiments. However, such correlations can be affected by variation due to environmental effects. We therefore calculated genetic correlations following removal of variability due to environmental effects. Since the two experiments were performed independently, the phenotypic covariance between the two developmental stages was equal to the genotypic covariance. As a consequence, the genetic correlation was equal to the phenotypic correlation divided by the product of the square root heritabilities of the two traits (Becker, 1984) . Heritabilities for physiological traits were deduced from the analysis of variance of each trait. Heritabilities for agronomic traits have been calculated previously (Bertin and Gallais, 2000a). Significance (difference from 0) for the correlations is given only for phenotypic correlations. It is also an approximate test for the genotypic correlations. Accuracy on the genotypic correlations depend mainly on the accuracy of measurements on each trait (when the heritability is low, the accuracy on genotypic correlation is low). However, it is not possible to calculate an accurate confidence interval. of physiological traits, especially those of nitrogen metabolism for selection in maize. In CA Neyra, ed, Bio- 
